The noradrenaline (NA) concentration in the rat corpus cavernosum (CC) increased to approximately 350% of control values after about 8 weeks of hyperglycaemia induced by the intraperitoneal injection of streptozotocin (STZ) at 10 weeks of age. These changes were maintained for at least a further 32 weeks of hyperglycaemia and occurred without any significant change in the weight in the tissue. Smaller but significant increases in NA concentration occurred in the glans penis (GP) reaching 150-175% of the control levels during the period of prolonged hyperglycaemia. In contrast, there was no significant change in the NA concentration in the penile urethra. Measurements have also been made that relate to changes in the synthesis and reuptake of NA in the CC during the period during which high NA concentration is maintained. Immunohistochemical studies for the synthetic enzyme tyrosine hydroxylase in the CC indicate that the intensity of staining in the tissue had increased after 10, 20 and 32 weeks of hyperglycaemia, relative to the tissues from control animals. Dilated nerve fibres and engorged endings were present in the CC of the diabetic animals at these times. Reuptake of tritiated NA by the terminal axonal membranes in the CC was raised to 181% of control values after 12 weeks of hyperglycaemia (Po0.05), but later declined to values that are not significantly different from the control levels (after 26 and 64 weeks of hyperglycaemia). There are few studies of the effects of prolonged diabetes on functional aspects of sympathetic postganglionic neurones in the CC, and this paper suggests that the changes described represent remodelling of noradrenergic axonal terminals starting about after 8-10 weeks of hyperglycaemia; this delay in onset of the neuropathic changes is also a feature of type I diabetes in humans.
Introduction
In experimental diabetes induced by administration of streptozotocin (STZ), ultrastructural changes are reported in a variety of sympathetic nerves, including the dilatation and expansion of nerve endings and the accumulation of neurofilaments, mitochondria, vesicles and layers of membrane. [1] [2] [3] [4] There may be differences between different regions of the sympathetic nervous system. 5 The function of the sympathetic nerves in the penis was of interest, because the changes in amine metabolism in the penis is relevant given the recent results of Becker et al., 6, 7 who describe a role for catecholamines in normal erection and in patients with erectile dysfunction. Noradrenaline (NA) has an anti-erectile action in humans, and the concentration of the amine in cavernosal blood falls during an erection, but not in certain patients with erectile dysfunction. It appears that the autonomic nervous system may be affected early in the progress of diabetic neuropathy, 8 but some studies on the noradrenergic innervation of the penis have reported little or no change in the contractile responses to noradrenergic nerve stimulation in the CC of rats that have been diabetic for up to 8 weeks. 9 The vasoconstrictor neurotransmitter NA is also known to increase in concentration in a variety of tissues including the rat heart, tail artery and whole penis, [10] [11] [12] and the time course of these changes often involves a peak in concentration that can occur after several, or many months of hyperglycaemia. However, while some authors have found a reduction in the noradrenergic [13] [14] [15] and nitrergic 16, 17 innervation in diabetic erectile tissue, the results on the noradrenergic nerves are not confirmed in a recent publication 12 and in the present work. Changes in the concentration of NA in the CC may or may not influence erectile function, depending on when and where there is an increased release, and indeed if there is a change in release at all, one might expect the inhibition of erection 18, 19 and facilitation of detumescence. In fact, the earlier work that suggested a degeneration of sympathetic nerve terminals could be interpreted as a mechanism, which essentially has a pro-erectile function. The present experiments do not study release per se, but do describe an extended time course of changes in the sympathetic nerve terminals, whose functional consequences are yet to be determined. The sympathetic nerves to the penis originate mainly from the paravertebral sympathetic chain, stimulation of which reduces the pressure within the CC; 18, 19 the sympathetic chain is also the most likely source of neuropeptide Y fibres to the CC. 20 In the rat, the sympathetic innervation exerts an anti-erectile role, even though the hypogastric nerve may provide some pro-erectile function that may be masked by a spinal cord lesion. 19 In humans, NA concentration in cavernosal blood falls during an erection, but adrenaline concentration increases. 6, 7 The NA content of the penis could, therefore, be of some consequence to the functioning of the tissue.
There appear to be no reports in the literature on long-term changes in the sympathetic innervation of erectile tissue in diabetic animals. If the sympathetic nerves undergo some remodelling, the size and distribution of these endings may change; the concentration of NA may reflect changes in the vesicles; changes in uptake are an indicator of the activity of the norepinephrine transporter in the terminal membrane; and measurements of tyrosine hydroxylase provide some estimate of synthetic activity of the amines. Together, these form a group of functional studies that may indicate whether some reorganization of sympathetic nerve endings may be present in prolonged diabetes, and that raises the question as to whether the remodelled nerve endings may possibly have anti-erectile activity. This paper is confined to studies on the sympathetic nerve endings themselves, rather than the possible effects on erectile activity after remodelling of the nerves.
Methods
Sample collection, preservation and extraction Experiments were performed on tissues of adult Wistar rats which had been injected with STZ (60 mg/kg) at 10 weeks of age, and the results were compared with those from age-matched controls; each time point represents the results of 3-6 controls and 5-8 diabetics. The corpus cavernosum (CC) and glans penis (GP) were excised up to 68 weeks later under pentobarbitone anaesthesia (40 mg/kg). The CC was removed after dividing the thick tunica and membranes surrounding it. The GP and samples of the adjacent urethra were also taken from the shaft of the penis in some animals for comparison. Blood glucose was estimated on samples of inferior vena caval blood using a glucose oxidase method (OnCall Test Strips, Acextraon Laboratories, California, USA). Analysis of amine concentration using HPLC has been described previously. 10, 11 All experiments were performed within the guidelines of the Animal Ethics Committee of the Faculty of Medicine and Health Sciences, United Arab Emirates University.
Studies of the uptake-1 transporter Samples of control and diabetic CC were incubated in Tyrode solution containing 3 H-NA for 1.5 h at 371C and the uptake of the trace was measured following washing and homogenization of the tissues. Similar experiments were performed in the presence of 10 mM desipramine in order to block the uptake-1 transporter. 21, 22 For each batch of animals, the mean uptake in the presence of desipramine was subtracted from that in its absence. Uptake in diabetic and control tissues in the presence of desipramine was always in the same narrow range, which accounted for about 38% of the uptake in the control tissues and 18% in the diabetics.
The averages of the control and diabetic samples with and without desipramine were calculated.
Immunohistochemistry
The CC was removed from six diabetic and six agematched nondiabetic rats after 32 weeks of hyperglycaemia, and divided into two groups labelled A and B independently of the immunohistochemist. The rats were fixed by perfusion with 4% paraformaldehyde and kept in the fixative for a further 3 h at 41C. The penis of each rat was dissected out, placed in 30% sucrose and 70 mm cryostat sections of the CC portion of each penis were immunostained using the floating method as described previously. 23 Briefly, cryostat sections were placed immediately in 50% ethanol to aid penetration. The free-floating sections were washed in 3 Â 5 min changes of 0.1 M phosphate-buffered saline (PBS, pH 7.4). They were then incubated in 3% hydrogen peroxide in absolute methanol for 30 min to block endogenous peroxidase. They were again washed in 3 Â 5 min changes of 0.1 M PBS and subsequently incubated at room temperature with antisera to rabbit tyrosine Peroxidase activity was demonstrated with diaminobenzidene. Diaminobenzidene hydrochloride (1 ml) in phosphate buffer (PB) was diluted to 50 ml with 1 ml of 3.5% nickel chloride, 7.5 ml of 30% hydrogen peroxide and distilled water. The mixture was filtered if the final solution appeared cloudy. The sections were incubated in the diaminobenzidene for 3-5 min in a hooded incubator. The reaction was stopped with 0.1 M PB and the sections mounted on gelatin-coated slides. After air drying, they were dehydrated in ethanol up to l00%, cleared in xylene and coverslipped using Cytoseal 60 mounting medium (Stephens Scientific, Riversdale, NJ, USA).
Control experiments were performed with substitution of primary antibody with 0.1 M PBS and substitution of primary antiserum with antiserum adsorbed with 10 À6 M purified tyrosine hydroxylase (Chemicon, Temecula, CA, USA).
Sections were examined using a Zeiss Axiophot photomicroscope, and micrographs taken using an AxioCam HRC digital camera with Axiovision 3.0 software to capture images (Carl Zeiss, Jeng, Germany).
After examination by the immunohistochemist, the groups of rats were identified as diabetic or nondiabetic by the physiologists.
Statistics
Data are presented as mean7s.e.m., statistical significance was calculated using an unpaired Student's t-test. Regression analysis was used to indicate the effects of age, and the significance of changes related to aging. The results of turnover studies were analysed using analysis of variance.
Results

Blood glucose
The control blood glucose concentrations were in the range 48-83 mg/dl (mean 63 mg/dl) and the diabetic levels were 179-586 mg/dl (mean 404 mg/ dl). The blood glucose depended on the duration on hyperglycaemia, and fell at the rate of approximately 10 mg/dl/month. Figure 1 shows the mean blood glucose from groups of 4-8 diabetic and 3-5 control animals in many experiments, including the present ones, covering this time course.
Measurements of amines Control animals. In the control animals between 12 and 78 weeks of age, NA was consistently the most abundant amine in the CC, followed by ADR, HIAA and DOP; serotonin was not detected in these samples. At 12 weeks of age, the concentrations of NA, ADR, HIAA and DOP in the CC were 36.3873, 21.3670.63, 9.0770.86 and 6.6170.73 pg/mg, respectively. There was no significant effect of age on the levels of NA in the samples of control CC; however, there was a significant upward trend in DOP concentrations in CC with time, at the rate of 0.12 pg/mg/week.
In the GP at 12 weeks of age, the NA, ADR, HIAA and DOP concentrations were 15.8 , 10.3, 8.71 and 7.85 pg/mg, respectively; there were significant reductions in the NA, ADR and DOP concentration with age, at the rate of 0.11, 0.19 and 0.25 pg/mg/ week, respectively; these changes were most marked after 24 weeks of age. HIAA was not found in samples of GP after 24 weeks of age in these experiments, and had a weak negative correlation with age up until that time (r ¼ À0.06).
In the urethra, the concentrations of NA and ADR at 12 weeks of age were 11.9670.9 and 8.6570.83 pg/mg, respectively; there were no significant changes with age, and HIAA were not detected. At 12 weeks of age, DOP was not detected, but at 20 weeks the measurement was 25.3470.64 and declined to 10.8970.91 by 42 weeks. Figure 2 that a period of approximately 2 months elapses before significant changes occur in the concentration of NA in the CC. At 10 weeks, when the mean blood glucose is 358 mg/dl, there is a sudden marked increase in NA concentration that remains fairly constant, at around 350% of the values in agematched controls, for about 30 weeks and then falls back to normal levels (at which time the average blood glucose was 211 mg/dl). The changes in NA concentration in the CC after week 10 all had Po0.0005 using a Student's t-test.
Effects of diabetes Corpus cavernosum (CC). It is clear from
The other amines, however, showed only minor changes, which were not significant (Table 1) .
Glans penis (GP). The effects of STZ diabetes began after 6 weeks of hyperglycaemia, where there was a significant increase in the concentration of NA to 17.9270.76 (125% of aged-matched control levels; Po0.05); these trends were progressive, but only the changes did not achieve the level found in Catecholamines in diabetic corpus cavernosum JFB Morrison et al the CC. After 10 weeks of hyperglycaemia, the increase reached 22.12 þ 0.82 (150% of control values, Po0.0002), and after 32 and 42 weeks the increases were 175 and 177%, respectively (Po0.0001 in both cases), although this was against a gradual fall in the control values (see earlier). It was evident that there was a larger increase in NA in CC (4315%) than in GP (o180%) at 32 and 42 weeks following the administration of STZ. ADR concentration in GP also increased following the induction of diabetes, by approximately the same percentage as for NA.
Urethra. Samples of the urethra were analysed at various stages up to 42 weeks of hyperglycaemia. Small increases in the concentrations of NA or ADR after 24 weeks of hyperglycaemia were not statistically significant, but there was a significant increase in the concentration of DOP (to 131% of the control values) at 42 weeks.
Immunohistochemistry of CC. Immunohistochemistry revealed a very dense immunoreactivity to tyrosine hydroxylase in nerves and varicose terminals in the CC of diabetic rats after 10, 20 and 32 weeks of hyperglycaemia compared with that of agematched control animals.
In total four diabetic and four control animals were studied; 8-10 noncontiguous sections were studied from each animal and Figures 3 and 4 are representative of the findings. Figure 3 illustrates the overall increase in staining for tyrosine hydroxylase in the CC after 32 weeks of hyperglycaemia, and the higher power plate (Figures 4a and b) shows some expanded axons, bulbous nerve endings mainly in the diabetic rat and varicosities may be the morphological substrate for the changes observed in amine concentration and release. Figure 1 Time course of mean blood glucose (mgs/dl) in diabetic and age-matched control groups of rats; each mean is calculated from diabetic groups of 4-8 and control groups of 3-6 animals (including the present results). The vertical arrow shows the administration of STZ to the experimental group, and the regression line of diabetic blood glucose vs age is also shown; r ¼ À0.67.
Catecholamines in diabetic corpus cavernosum JFB Morrison et al
Uptake studies
Measurements of the activity of the postganglionic sympathetic nerve terminal membrane norepinephrine transporter, uptake- Figure 5 ).
Discussion
The results of this paper indicate that there are major changes in the concentration of NA, in the uptake of NA by the terminal nerve membranes, and in the activity of tyrosine hydroxylase in the CC during prolonged hyperglycaemia induced by STZ in our rat experiments. The time course of these changes has a characteristic latent period after which the NA concentration increases to around 350% of the values in the age-matched control Figure 5 Uptake of tritiated noradrenaline by sympathetic nerve endings in the corpus cavernosum is influenced by the duration of hyperglycaemia. The graph shows that it is significantly greater than the controls after 12 weeks of hyperglycaemia.
Catecholamines in diabetic corpus cavernosum JFB Morrison et al tissues, and this is maintained for over 30 weeks. There was also a significant increase in the NA concentration in the GP (by approximately half that found in the CC), but no significant change occurred in the urethra. The neurobiology of the sympathetic nerve terminals in the CC appears to change quite markedly, both in terms of the structure and function of the nerve endings in the cavernosal tissues. Table 2 summarizes these changes. Increased levels of NA have been reported in many viscera 11, [24] [25] [26] in STZ diabetes, but there are not many studies that cover the time course of these experiments. 12 Some workers confine their studies of STZ diabetes to the first 8 weeks or so, and if the changes we report have a functional significance, it is unlikely that changes in function related to sympathetic nerve activity will be seen much before 8-10 weeks of hyperglycaemia have occurred. Thereafter, it is clear that the changes in NA concentration may persist for many weeks, despite blood glucose levels that fall on average at the rate of 2.5 mg/dl/week.
The results in this study differ from what has been found in other tissues 11 and this may be attributable to a failure of axonal transport along the full length of the sympathetic postganglionic nerves; it is to be expected that when axonal transport is impaired, the longest nerves will suffer the greatest change.
It is known that axonal retraction may occur in many peripheral neuropathies, and may be associated with some sprouting and regrowth of terminal axons; it is being suggested that the increased tissue concentration of NA and the activity of Uptake-1 may occur as a result of expansion of the terminal arborizations and, therefore, the increased density of these new axonal branches (see Table 2 ). The presence of this response may depend on the severity of the diabetic state, and it is noted that the age at which diabetes is induced can alter the response of sympathetic nerve to the spleen; 14 the later the onset, the more likely that the NA content increases in a maintained manner. It seems likely that the ultimate end point may be axonal degeneration, but the present work suggests that the sympathetic neurones may react to hyperglycaemia by showing some attempt to sprout, as suggested by the increased levels of NA and of the Uptake-1 transporter, at 10-20 weeks into the STZ-diabetes.
Felten et al. 13 studied the sympathetic innervation of the penis in STZ-diabetic rats 4 months after the onset of hyperglycaemia and found that the number of noradrenergic varicosities and the NA content of the CC were greatly reduced. They commented on the variability of the results in the diabetic animals but concluded that there was a reduction in visible sympathetic terminals (as indicated by the fluorescence technique), all of which is contrary to the present results, using tyrosine hydroxylase histochemistry. The same group, however, in a different paper illustrating some of the variability of the responses, described either no change or an increase in varicosities at 4 month and 1 month, respectively.
14 Reasons for the discrepancy may be (a) the methodology, (b) Sprague-Dawley rats were used by Felten et al., 13 whereas Wistar rats were used in the present study; (c) Felten et al.
14 used a larger dose of STZ at a younger age, and had evidence that there were differences in the response of the sympathetic nerves if diabetes was induced at a later age. Felten et al.
13,14 also used rats which had a greater blood glucose level and excluded animals with a blood glucose of less than 300 mg/dl, and finally (d) they included the sub-tunical plexus where the sympathetic terminals are very densely packed. Other authors who have suggested that the autonomic nitrergic nerves to the CC of the rabbit clitoris degenerate in diabetics, have also used treatment regimes that induce a severe form of the diabetes. 16, 17 It should also be recognized that there are considerable differences in the innervation of urogenital tissues in the two sexes, which is backed up by a considerable literature indicating the differential sensitivity of the neurones involved to androgens and estrogens. [27] [28] [29] The present study extends these observations and shows that great changes occur within the erectile tissue of the CC, smaller but significant changes in the GP, but no change in the adjacent urethra. The reasons for the increase in NA concentration in the CC appear to include changes in synthesis and in . The increases in terminal membrane reuptake activity also appear to contribute to the increased concentration of NA after about 12 weeks of STZdiabetes, but not in the middle of later parts of the time course described. Tyrosine hydroxylase staining in the CC was not only denser in the diabetic rats, the size of the nerve fibres and varicosities appeared larger than that in the controls. The presence of bulbous nerve endings and other features suggests that plastic changes are taking place in the sympathetic innervation of the CC. In human type I diabetes 30 and in STZ-diabetic rats, there are reports of the presence of giant axons, and of the presence of aggregates of intra-axonal subcellular organelles. [31] [32] [33] There are also observations of some regenerative activity in diabetic nerves. [34] [35] [36] Becker et al. (2000) 6 compared the concentrations of NA and adrenaline in cavernous and systemic blood during penile erection in humans, and found a significant reduction of NA in cavernous blood, while adrenaline levels rose in peripheral and cavernous blood during developing erection. 7 Furthermore, the same group found that NA levels in the cavernous and systemic blood increased during sexual arousal in a group of patients with erectile dysfunction and suggested that changes in sympathetic transmission might be a cause of impaired erectile function.
The present findings concerning sympathetic nerve endings in the CC in the diabetic state may be of some consequence to the inhibition of erectile activity, but we have no data on the functional consequences at this stage.
In conclusion, this paper focuses on new findings, namely, the delayed increase in concentration of NA in the diabetic rat CC, to nearly 3.5 times that found in the control tissues, and indications of increased synthesis and reuptake. The morphological changes in the tyrosine hydroxylase-containing axons and varicosities in the CC of diabetic animals is also worthy of note. These changes included engorged bulbous nerve endings and growth cones, and it may be that the functional changes described above, are associated with structural changes consistent with nerve degeneration and regrowth. Whether or not the neurochemical observations translate into changes in function throughout the time course described remains to be seen. It is possible that these changes in the sympathetic innervation may be accompanied by changes in release that contribute to the failure of engorgement of CC tissue and dilatation of penile arteries in diabetics, and to the changes in CC amine concentrations in humans reported by Becker 
